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Time-dependent density-functional theory for molecular processes in strong fields:
Study of multiphoton processes and dynamical response of individual valence electrons

of N2 in intense laser fields

Xi Chu and Shih-I Chu
Department of Chemistry, University of Kansas, and Kansas Center for Advanced Scientific Computing, Lawrence, Kansas 6

~Received 30 July 2001; published 14 November 2001!

We present a time-dependent density-functional theory~TDDFT! with proper asymptoticlong-rangepoten-
tial for nonperturbative treatment of multiphoton processes of many-electron molecular systems in intense laser
fields. A time-dependent generalized pseudospectralmethod is extended for precision solution of the TDDFT
equations for two-center diatomic systems. The procedure allowsnonuniformoptimal spatial grid discretization
of the Hamiltonian in prolate spheroidal coordinates and a split-operator scheme inenergyrepresentation is
used for the time propagation of the individual molecular spin orbital in space and time. The theory is applied
to the first detailedall-electron study of multiphoton ionization and high-order harmonic generation~HHG!
processes of N2 in intense laser fields. The results reveal unexpected and intriguing nonlinear optical response
behaviors of the individual valence spin orbital to strong fields. In particular, it is found that the dominant
contribution to the total HHG power spectrum of N2 is due to the constructive and destructive interferences of
the induced dipoles of the two highest-occupied bonding (3sg) and antibonding (2su) molecular orbitals in
the presence of intense laser fields.

DOI: 10.1103/PhysRevA.64.063404 PACS number~s!: 42.50.Hz, 71.15.Mb, 42.65.Ky, 33.80.Wz
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I. INTRODUCTION

The study of atomic and molecular multiphoton proces
in intense and superintense laser fields is a subject of m
current interest in science and technology. To describe s
strong-field processes usingab initio wave-function ap-
proach, it is necessary to solve the time-dependent Sc¨-
dinger equation of many-electron systems in space and t
which is beyond the capability of current computer techn
ogy. To overcome this bottleneck, time-dependent dens
functional theory~TDDFT! with self-interaction correction
~SIC! has been recently developed for nonperturbative tr
ment of many-electron atomic systems~particularly rare-gas
atoms! in strong fields @1–3#. More recently, a self-
interaction-free TDDFT formulation for molecular system
has also been developed and applied to the study ofmulti-
photon ionization~MPI! and high-order harmonic genera
tion ~HHG! of H2 molecule in intense laser fields@4#. In this
paper, we extend the TDDFT to the study of multi-electr
molecular systems (N2 in particular! with an aim to explore
the dynamical role and nonlinear response ofindividual elec-
tron spin orbital to the intense fields, a subject of larg
unexplored area of strong-field molecular physics. Suc
study can provide insights regarding detailed quantum
namics and MPI/HHG mechanisms from each individual
lence electron, as well as the optimal control of the stro
field processes of many-electron systems.

A central theme of modern TDDFT is a set of tim
dependent Kohn-Sham like equations that are structur
similar to the time-dependent Hartree-Fock equations bu
clude, in principle exactly all many-body effects, through
local time-dependent exchange-correlation~xc! potential
@1–6#. In reality, the exact~steady-state or time-dependen!
xc energy functional form is unknown. Thus, in actual DF
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or TDDFT calculations, approximate xc energy functiona
need to be used. It is well known, however, that the expl
xc energy functionals commonly used, such as those oflocal
spin-density approximation~LSDA! or the more refinedgen-
eralized gradient approximation~GGA!, contain spurious
self-interaction energy@7#. As a consequence, the resultin
one-particle xc potentials do not possess the proper lo
range Coulombic (21/r) behavior. For example, the one
particle LSDA potential decays exponentially and the el
trons are too weakly bound, and for negative ions ev
unbound. Thus, while the total energies of the ground sta
of atoms predicted by these explicit~LSDA/GGA! xc energy
functionals are rather accurate, the ionization potentials~ob-
tained from the highest occupied orbital energies!, excited
states, and continuum states are not adequately descr
For proper treatment of photoionization, MPI, and HHG pr
cesses, it is essential that both the ionization potentials
excited-state properties of atomic and molecular system
described more accurately.

A promising procedure for removing the self-interactio
energy in steady-state DFT treatments can be made base
the extension of the Krieger-Li-Iafrate~KLI ! semianalytic
treatment@8# of the optimized effective potential~OEP! for-
malism @9,10# along with the use of either the Hartree e
change@8,11# or an explicit self-interaction-correction~SIC!
form @12,13#. As shown in recent works, the optimized e
fective potential so constructed has the proper long-ra
asymptotic (21/r) behavior and is capable of providing hig
accuracy for both excited and autoionizing resonance st
@12,13#. Recently, the OEP/KLI-SIC formalism for th
atomic and molecular systems has been extended to the
domain@2–4#. We note that a related time-dependent OE
KLI formalism has been proposed@1# for the atomic systems
in the exchange~x!- only limit. In the latter approach@1#, the
©2001 The American Physical Society04-1
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XI CHU AND SHIH-I CHU PHYSICAL REVIEW A 64 063404
Hartree-Fock~nonlocal! exchange functional form is use
instead of the explicit SIC form@2–4# in the construction of
the OEP. As shown in our recent works for atomic@2,3# and
H2 @4# systems, the use of explicit SIC form in the tim
dependent OEP/KLI calculations involves only orbita
independent single-particle local potentials for each time s
and is thus computationally efficient and yet maintains h
accuracy.

An alternative and simpler approach to incorporate pro
long-range potential in DFT calculations is suggested by
Leeuwen and Baerends~LB! @14#. They construct a mode
potential form~with Becke-like @15# nonlocal gradient cor-
rection to LSDA xc potential! that incorporates the gener
features of atomic-shell structure and asymptotic Coulo
behavior. The LB potential@14# and its modified version@17#
has been used for a number of atomic and molecular e
tronic structure and weak-field photo-response calculati
@16–18#. Comparing with the OEP/KLI- SIC method, the L
potential approach may not be as rigorous but it is simple
use, particularly for the molecular systems, and it has d
onstrated good accuracy. In this paper, we extend the m
fied LB model potential@17# in our TDDFT treatment of the
multiphoton processes of N2 molecules in intense lase
fields.

The organization of this paper is as follows. First, w
briefly describe the TDDFT formalism for the general tre
ment of multiphoton dynamics of many-electron molecu
systems in Sec. II. Second, we outline a generalized p
dospectral method in Sec. III fornonuniformspatial discreti-
zation and electronic structure calculation of the two-cen
N2 Hamiltonian. Third, we outline in Sec. IV atime-
dependent generalized pseudospectralmethod for efficient
and accurate solution of TDDFT equations in space and ti
The method is then applied to the study of multiphoton io
ization of N2 in Sec. V and high-order harmonic generati
of N2 in Sec. VI. Particular attention is paid to the study
the dynamical role and nonlinear response of the individ
valence electron to the external laser fields. This is follow
by a conclusion in Sec. VII.

II. TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY
FOR N2

Time dependent density functional theory~TDDFT! is
based on the existence of the one-to-one correspondenc
tween the time-dependent electron density and tim
dependent potential@19#. We consider a quantum action in
tegral

A5E
t0

t1
dtK C~ t !U i ]

]t
2Ĥ~ t !UC~ t !L , ~1!

whereC(t) is the total N-electron wave function

C~ t !5
1

AN!
det@c1c2•••cN#, ~2!
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and the total electron density at timet is determined by the
set of occupied single-electron orbital wave functions$c is%
as

r~r ,t !5(
s

(
i 51

Ns

c is* ~r ,t !c is~r ,t !. ~3!

The quantum action A@r# has astationarypoint at theexact
time-dependent density of the system. From the Euler eq
tion

dA@r~r ,t !#

drs~r ,t !
50, ~4!

we get

i
]

]t
c is~r ,t !5Ĥ~r ,t !c is~r ,t !

5F2
1

2
¹21Ve f f,s~@r#;r ,t !Gc is~r ,t !,

i 51,2, . . . ,Ns . ~5!

Here,

Ve f f,s~@r#;r ,t !5vext~r ,t !1E r~r 8,t !

ur2r 8u
d3r 81vxc,s~r ,t !,

~6!

and vext(r ,t) is the ‘‘external’’ potential due to the interac
tion of the electron with the external laser field and the n
clei. In the case of the N2 molecule in a linearly polarized
external laser field, we have

vext~r ,t !52
Z

uR12r u
2

Z

uR22r u
1E~ t !•r sinvt. ~7!

r is the electronic coordinate, E~t! the electric field ampli-
tude,R15(0,0,a) andR25(0,0,2a) are the coordinates o
the two nuclei in Cartesian coordinates, andZ is the nuclear
charge. The internuclear separationR is equal to 2a.
vxcs(r ,t) is the time-dependent exchange-correlation~xc!
potential. Since the exact form ofvxcs(r ,t) is unknown, the
adiabaticapproximation is often used@1–6#

vxcs~r ,t !5vxcs@rs#urs5rs(r ,t) . ~8!

Note that if explicit xc energy functional forms from LSDA
or GGA are used, the corresponding xc potentialvxcs(r ,t)
will not possess the correct long-range asymptotic (21/r)
behavior. Here, we adopt the recently improved LB poten
@17#, vxcs

LBa , which contains two empirical parametersa and
b and that has the following form, in the adiabatic appro
mation,
4-2
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TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY . . . PHYSICAL REVIEW A64 063404
vxcs
LBa~r ,t !5avxs

LSDA~r ,t !1vcs
LSDA~r ,t !

2
bxs

2~r ,t !rs
1/3~r ,t !

113bxs~r ,t !ln$xs~r ,t !1@xs
2~r ,t !11#1/2%

.

~9!

Here, rs is the electron density with spins, and a51.19
andb50.01. The first two terms in Eq.~9!, vxs

LSDA andvcs
LSDA

are the LSDA exchange and correlation potentials that donot
have the correct asymptotic behavior. The last term in Eq.~9!
is the nonlocal gradient correction withxs(r )
5u¹rs(r )u/rs(r )4/3, which ensures the proper long-rang
asymptoticvxcs

LBa→21/r as r→`. For the time-independen
case, this exchange-correlation LBa potential has been
found to be reliable for the electronic structure a
frequency-dependent~hyper! polarizability calculations of a
number of atomic and molecular systems@16,17#.

III. ELECTRONIC STRUCTURE CALCULATION OF N 2:
GENERALIZED PSEUDOSPECTRAL DISCRETIZATION

OF TWO-CENTER SYSTEMS

In this section, we first consider the solution of the fie
free electronic structure calculations of N2 using the gener-
alized pseudospectral~GPS! method recently developed fo
the two-center systems@4#. We shall use the prolate sphero
dal coordinates (m,n,f), 0,m,`, 0,n,p, 0,f,2p,
for the description of the system

x5a sinhm sinn cosf, ~10!

y5a sinhm sinn sinf, ~11!

z5a coshm cosn. ~12!

Due to the axial symmetry of the diatomic systems, the fie
free solution takes the form

Cm~r !5eimwF~m,n!, ~m50,61,62, . . . !. ~13!

We first considernonuniformoptimal discretization of the
spatial coordinates by means of thegeneralized pseudospec
tral ~GPS! technique@21,22#. In the GPS method, we expan
any spatial wave functionF(m,n) by FNm ,Nn

(m,n), the

polynomials of orderNm andNn in m andn, respectively,

F~m,n!.FNm ,Nn
~m,n!

5 (
i 50, j 50

Nm ,Nn

f„m i ,n j…gi„x~m!…gj„y~n!…, ~14!

and further require the approximation to be exact at the
location points, i.e., FNm ,Nn

(m i ,n j )5f(m i ,n j )[f i j ,

where $x(m i)% and $y(n j )% are the two sets of collocatio
points to be described below. In Eq.~14!, gi(x) andgj (y) are
the cardinal functions@21–23# defined as
06340
-
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gi~x!52
1

Nm~Nm11!PNm
~xi !

~12x2!PNm
8 ~x!

x2xi
, ~15!

gj~y!52
1

Nn~Nn11!PNn
~yj !

~12y2!PNn
8 ~y!

y2yj
. ~16!

In the case of the Legendre pseudospectral method@4,21–
23#, which we adopt in this paper, the boundary points
x05y0521 and xNm

5yNn
51. xi ( i 51, . . . ,Nm21) and

yj ( j 51, . . . ,Nn21) are the collocation points determine
respectively, by the roots of the first derivative of the Le
endre polynomialPNm

with respect tox and the first deriva-

tive of PNn
with respect toy, namely,

PNm
8 ~xi !50, ~17!

PNn
8 ~yj !50. ~18!

It follows that the cardinal functions possess the followi
unique properties:

gi~xi 8!5d i ,i 8 , ~19!

gj~yj 8!5d j , j 8 . ~20!

We shall use the following mapping relationships betweenm
andx and betweenn andy @4#:

m5L
11x

12x
, ~21!

n5
p

2
~11y!, ~22!

wherexP@21,1#, yP@21,1#, mP@0,̀ #, nP@0,p#, andL
is a mapping parameter. The collocation points ofx(m) and
y(n) are determined by Eqs.~17! and ~18!.

A detailed discussion of the construction of the differe
tiation matrix and the symmetrization of the Hamiltonia
matrix for two-center systems is given elsewhere@24#. A
major advantage of the outlined generalized pseudospe
method is that it allows fornonuniformoptimal spatial grid
discretization: denser mesh near the nuclei and sparser m
for the longer-range part of the Coulombic potential. W
the use of only a modest number of grid points, hig
precision eigenvalues and eigenfunctions may be obta
since the physically most important short-range regime
accurately treated. For example, for the case of H2

1 , we ob-
tain the ground-state electronic energy to
21.102 634 214 494 9 a.u., using only 22 points inm and 10
points in n @24#. This is in complete agreement with th
exact value of21.102 634 214 494 9 a.u.@20#. Figure 1
shows a typical grid structure for two-center diatom
systems.

The ground-state electronic configuration ofN2 is
4-3
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XI CHU AND SHIH-I CHU PHYSICAL REVIEW A 64 063404
1sg
21su

22sg
22su

21pu
43sg

2 .

According to the valence bond theory, this molecule ha
triple bond formed with 3sg and 1pu electrons. The 3sg
orbital is parallel to the internuclear axis and the two deg
erate 1pu orbitals are perpendicular to it. Table I lists th
orbital energies~ionization potentials! calculated with LBa
potential@17# and LSDA and BLYP energy functionals, an
the comparison of them with the experimental data.
shown, both the LSDA and BLYP orbital energies are t
weakly bounded and considerably smaller than the exp
mental values. In contrast, the LBa orbital energies are con
siderably better since the LBa potential has the correct long
range (21/r) behavior.

IV. NUMERICAL SOLUTION OF THE TDDFT EQUATION:
TIME-DEPENDENT GENERALIZED PSEUDOSPECTRAL

METHOD

In this section, we outline the numerical procedure for
solution of the set of time-dependent equations Eq.~5! for N2
molecule. The commonly used procedures for the ti
propagation of the Schro¨dinger or TDDFT equation employ
equal-spacingspatial-grid discretization@1,25–27#. For pro-
cesses such as high-harmonic generation~HHG! @2–4,28#,
accurate time-dependent wave functions are required
achieve convergence since the intensity of various harm
peaks can span a range of many orders of magnitude. H
precision wave functions are generally more difficult
achieve by the equal-spacing spatial-grid-discretization tim
dependent techniques, due to the Coulomb singularity at
origin and the long-range behavior of the Coulomb potent
To achieve precision time-dependent wave-function propa
tion, we have recently introduced a time-dependent gene
ized pseudospectral method for two-center systems@4#,

FIG. 1. A typical grid structure of the spatial coordinates of2

obtained by the generalized pseudospectral discretization techn
06340
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which consists of the following two basic elements:~i! A
generalized pseudospectral~GPS! technique@21,22# is used
for nonuniformoptimal grid discretization of the radial coor
dinates:densermesh near the nuclei and at short distanc
The extension of the GPS method to the two-center syst
has been described in the last section.~ii ! A split-operator
technique in theenergyrepresentation is introduced for effi
cient time propagation of the wave functions in two-cen
systems@4#.

Consider now the solution of the time-dependent o
electron Kohn-Sham-like equation for N-electron systems
linearly polarized laser fields, Eq.~5!,

i
]

]t
c is~r ,t !5Ĥc is~r ,t !5@Ĥ0~r !1V̂~r ,t !#c is~r ,t !,

i 51,2, . . . ,Ns . ~23!

Here, Ĥ0 is the time-independent Hamiltonian withVe f f,s

set att50, andV̂ includes the electron-laser field interactio
and the residual time-dependent terms in Ve f f,s(@r#;r ,t)

Ĥ0~r !52
1

2a2 H 1

~sinh2 m1sin2 n!sinhm

]

]mS sinhm
]

]m D
1

1

~sinh2 m1sin2 n!sinn

]

]nS sinn
]

]n D J
1Ve f f,s~@r#;r ,0!, ~24!

V̂~r ,t !52E~ t !•r sinvt1Ve f f,s~@r#;r ,t !2Ve f f,s~@r#;r ,0!,
~25!

whereE(t) is the electric field, assumed to be parallel to t
internuclear (ẑ) axis, andE(t)5F f (t), where f (t) is the
envelope function of the laser pulse. We shall extend
second-order split-operator technique in prolate sphero
coordinates and in theenergyrepresentation@4,28# for the
propagation of individual spin-orbital

c is~r ,t1Dt !.e2 iV̂(r ,t)Dt/2e2 iĤ 0(r )Dte2 iV̂(r ,t)Dt/2c is~r ,t !

1O~Dt3!. ~26!

Note that such an expression is different from the conv
tional split-operator techniques@25–27#, whereĤ0 is usually
chosen to be the kinetic-energy operator andV̂ the remaining
Hamiltonian depending on the spatial coordinates only. T
use of theenergyrepresentation in Eq.~26! allows the ex-

ue.
TABLE I. Comparison of the field-free energy levels of N2 calculated with LBa, LSDA, and BLYP
potentials and the experimental ionization potentials~in a.u.!.

Orbital 1sg 1su 2sg 2su 1pu 3sg

Experiments 15.0492@31# 15.0492@31# 1.3708@32# 0.6883@33# 0.6233@33# 0.5726@33#

LSDA 13.9655 13.9640 1.0395 0.4928 0.4379 0.3826
BLYP 14.1177 14.1166 1.0312 0.4936 0.4177 0.3751
LBa 14.7815 14.7804 1.2067 0.6679 0.6099 0.5571
4-4
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TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY . . . PHYSICAL REVIEW A64 063404
plicit elimination of the undesirable fast-oscillatinghigh-
energy components and speeds up considerably the t
propagation@4,28#. In addition, the symmetry properties po
sessed byĤ0 can be used to simplify and facilitate the ca
culations. We refer to@4# for a more detailed discussion fo
the numerical procedure. After the time-dependent sing
electron wave functions$c is% are obtained, the total electro
densityr(t) may be determined.

V. MULTIPHOTON IONIZATION OF N 2 IN INTENSE
LASER FIELDS

Once the time-dependent wave functions and the tim
dependent electron density are obtained, we may calcu
the time-dependent~multiphoton! ionization probability of
the isth spin orbital according to

Pi ,s512Ni ,s~ t !, ~27!

where

Nis~ t !5^c i ,s~ t !uc i ,s~ t !&, ~28!

is the time-dependent population~survival probability! of the
i ,sth spin orbital.

Figures 2–4 present the time-dependent single-elec
populations of different spin orbitals, as defined in Eq.~28!.
The slope of the decay of the electron population in ti
describes the ionization rate. The laser~electric! field is as-
sumed to be parallel to the internuclear axis and the inte
clear distance of N2 is fixed at its equilibrium position,Re
52.072a0. Results for two laser intensities (1014 W/cm2

and 331014 W/cm2) and two wavelengths~1064 and 800
nm! are shown. For the case of 1014 W/cm2, and for both
wavelengths, the order of ionization probability is found
be

1pu,2sg,2su,3sg .

On the other hand, for the 331014 W/cm2 and 1064 nm
pulses, the order of ionization probability is

FIG. 2. The time-dependent population of electrons in differ
spin orbitals of N2 in 1014 W/cm2, 1064 nm, sin2 pulse laser field
with 20 optical cycles in pulse duration.
06340
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Thus, within thes electrons, the lower the electron orbit
binding energy~ionization potential! is, the more will be the
electron ionization probability. However, although the io
ization potential of the 1pu electrons is lower than that of th
2su electrons, the ionization probability of the 1pu electrons
turns out to be less than that of the 2su electrons in all the
cases. This may be attributed to the fact that the 2su orbital
is along the electric-field direction (Ê), while that of 1pu is
perpendicular toÊ. We thus observe two different effect
that contribute to the ionization: the ionization potent
~electron binding energy! effect and the orbital orientation
effect. The ionization potential effect makes the electro
with lower-ionization potentials easier to ionize. The orie
tation effect makes the ionization easier for those electr
whose orbital orientations are parallel to the electric field.

t

FIG. 3. The time-dependent population of electrons in differ
spin orbitals of N2 in 1014 W/cm2, 800 nm, sin2 pulse laser field,
with 20 optical cycles in pulse duration.

FIG. 4. The time-dependent population of electrons of N2 mol-
ecule in different spin orbitals in 331014 W/cm2, 1064 nm, sin2

pulse laser field, with 20 optical cycles in pulse duration.
4-5
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XI CHU AND SHIH-I CHU PHYSICAL REVIEW A 64 063404
a related context, it has been found experimentally that lin
molecules tend to align along the laser-field direction
dissociative ionization processes@29,30#. These two effects
are clearly competing. For example, the ionization proba
ity of the 1pu electron is less than that of the 2sg electron in
the 1014W/cm2 field, but the reverse is true in th
331014 W/cm2 case, indicating that the increase of laser
tensity tends to favor the ionization potential effect.

Finally we note that TDDFT studies of the nonlinear r
sponse of the individual spin orbital of complex rare-g
atoms~Ne,Ar! to intense laser fields have been recently
ported@3#. Similar competiting behavior of electron bindin
energy and orbital orientation effects on MPI and HHG w
observed@3#.

VI. HIGH-HARMONIC GENERATION OF N 2 IN INTENSE
LASER FIELDS

The total induced dipole moment and dipole accelerat
of N-electron systems may be expressed in terms of elec
densityr as follows:

d~ t !5E r~r ,t !zd3r5(
is

^c is~r ,t !uzuc is~r ,t !&, ~29!

and

dA~ t !5E r~r ,t !
d2z

dt2
d3r

5(
is

K c is~r ,t !U2 ]Ve f f,s~@r#;r ,t !

]z

1
E~ t !•r sin~vt !

z Uc is~r ,t !L . ~30!

The corresponding HHG power spectrum may now be
tained by the Fourier transformation of the respective tim
dependent dipole moment or dipole acceleration

P~v!5U 1

t f2t i
E

t i

t f
d~ t !e2 ivtU2

[ud~v!u2, ~31!

and

PA~v!5U 1

t f2t i

1

v2E
t i

t f
dA~ t !e2 ivtU2

[udA~v!u2. ~32!

The total induced dipole moment may be rewritten as

d~ t !5(
i ,s

di ,s , ~33!

where

di ,s5ni ,s^c i ,s~ t !uzuc i ,s~ t !&, ~34!

is the induced dipole moment of thei ,sth electron spin or-
bital, andni ,s is its electron occupation number.
06340
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From Figs. 5–10, we present a series ofdi ,s(t)’s and
d(t)’s as functions of time for the nonlinear response of t
individual spin orbital of N2 in 1014W/cm2 ~1064 or 800
nm!, sin2 laser pulse, with 20 optical cycles in pulse leng
The internuclear distance of N2 is fixed atRe52.072a0, and
LBa model potential is used. For both 1064 and 800 n
cases, we found the amplitude of the induced dipole mom
of individual spin orbital follows the following trend:

d2sg
,d1pu

,d,d3sg
,d2su

. ~35!

First, we note that electrons with smaller binding energ
tend to have larger induced dipole moments. This is the c
here for the bonding orbitals:d2sg

,d1pu
,d3sg

. Second, the

highest-occupied bonding (3sg) and antibonding (2su) or-
bitals have comparable and largest induced dipole mome
with d2su

slightly higher in amplitude. Therefore, the in

FIG. 5. The induced electronic dipole moment of N2 calculated
from 2sg and 1pu electron, respectively, in 1014 W/cm2, 1064 nm,
sin2 pulse laser field.

FIG. 6. The induced dipole moment of N2 calculated from 3sg

and 2su electron, respectively, in 1014 W/cm2, 1064 nm, sin2 pulse
laser field.
4-6



o
ls

as

y

n
c-

nm

ec

ra
-
r-

otic
ld

al
ute

TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY . . . PHYSICAL REVIEW A64 063404
duced dipole, similar to the ionization rate, also depends
the detailed electron density distribution of the spin orbita
Third, there are two different oscillating (1 ẑ and2 ẑ) direc-
tions of the electronic-induced dipoles. We found thatd2sg

,

d1pu
, andd2su

are always oscillating in the same direction

that of the total induced dipole, whiled3sg
is always oscil-

lating in the opposite direction~out of phase!. Finally we
notice that whiled3sg

andd2su
have similar amplitudes, the

oscillate in time with opposite signs~Figs. 6 and 9!. The near
cancellation of these two largest induced dipole mome
from 3sg and 2su electrons results in a smaller total ele
tronic induced dipole moment of the whole N2 molecule
shown in Figs. 7 and 10 for the case of 1064 and 800
respectively.

Figure 11 shows the comparison of the HHG power sp
tra of N2 in the 1014 W/cm2, 1064 nm, sin2 pulsed laser

FIG. 7. The total induced dipole moment of N2 in 1014 W/cm2,
1064 nm, sin2 pulse laser field.

FIG. 8. The induced dipole moment of N2 calculated from 2sg

and 1pu electron, respectively, in 1014 W/cm2, 800 nm, sin2 pulse
laser field.
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field, using two different xc potentials. The HHG spect
calculated with the LSDA and LBa potentials have consid
erable difference in amplitude due to their significant diffe
ence in the orbital binding energies~See Table I!. This indi-
cates the importance of incorporating the correct asympt
long-range potential in the TDDFT treatment of strong fie
processes.

In order to study the relative contribution of the individu
spin orbital to the overall harmonic generation, we substit
Eq. ~33! into Eq. ~31! to obtain

P~v!5U(
i ,s

1

t f2t i
E

t i

t f
di ,se2 ivtdtU2

5(
i ,s

dis~v!1 (
i j ab

Pi j ,ab~v!. ~36!

Here,

FIG. 9. The induced dipole moment of the 3sg and 2su elec-
trons of N2 in 1014 W/cm2, 800 nm, sin2 pulse laser field.

FIG. 10. The total induced dipole moment of N2 in 1014 W/cm2,
800 nm, sin2 pulse laser field.
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dis~v!5U 1

t f2t i
E

t i

t f
di ,se2 ivtdtU2

, ~37!

and

Pi j ,ab~v!5S 1

t f2t i
E

t i

t f
di ,ae2 ivtdtD *

3S 1

t f2t i
E

t i

t f
dj ,be2 ivtdtD , ~38!

wherei and j denote the orbital indices anda andb are the
spin indices.

We now discuss the results of ourall-electronHHG cal-
culations of N2. Again, the internuclear distance is fixed
Re52.072a0 and the LBa potential is incorporated in the
TDDFT calculations. The relative contribution of the ind
vidual spin orbital to HHG,dis(v), depends on the har
monic frequency range but in general, it follows roughly t
same trend as the order of the time-dependent induced d
shown in Eq.~35!. Thus, the two dominant contributions t
the total HHG arises from the 3sg and 2su orbitals and in
fact we found that the magnitude of their individual pow
spectrum is considerably larger than that of the total HH
itself. Equation~36! shows that the total HHG power spe
trum is obtained by the sum of the individual spin-orbi
HHG power spectrumdis(v) plus the interference terms
Thus, for the case of N2, we observe very interesting con
structive and destructive interferences between the
highest-occupied bond and antibonding orbitals:It is the in-
terference between these two largest induced dipoles(d3sg

and d2su
) that contributes dominantly to the overallHHG

power spectrum ofN2. This is illustrated in Figs 12 and 1
for the case of 1064 and 800 nm, respectively. Here,
compare the total HHG power spectra with those from
combined contributions from 3sg and 2su orbitals alone. As
seen, the total and 3sg12su HHG curves agree with eac

FIG. 11. Comparison of the calculated high-harmonic gene
tion power spectra of N2 in 1014 W/cm2, 1064 nm, sin2 pulse laser
field, using LBa and LSDA potentials.
06340
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other fairly well for both laser frequencies. Thus, for man
electron molecular systems such as N2, the conventional
single-active-electronmodel for atoms is not valid, since
there is no single electron molecular orbital dominates
total HHG process. In fact, our study shows that the total2
power spectrum is due to the interference contributions fr
the two highest-bonding and antibonding molecular orbita

VII. CONCLUSIONS

The following conclusions can be drawn from the pres
TDDFT study of the multiphoton dynamics of N2. First, cor-
rect long-range behavior of the time-dependent exchange
correlation potential is essential. Second, there coexists
ization potential and orbital orientation effects in the mul
photon ionization of multielectron systems. As the laser
tensity increases, the ionization potential effect becom
dominant. Finally, the HHG of the N2 molecule, especially

- FIG. 12. Comparison of the total HHG power spectra and
partial contributions from the 3sg and 2su orbitals of N2, in
1014 W/cm2, 1064 nm, sin2 pulse laser field.

FIG. 13. Comparison of the total HHG power spectra and
partial contributions from 3sg and 2su orbitals of N2 in
1014 W/cm2, 800 nm, sin2 laser pulse.
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below the cutoff regime, is primarily due to the combin
interference dynamics of the highest-binding (3sg) and an-
tibonding (2su) electrons together. To our knowledge, this
the firstab initio all-electronquantum study of multielectron
molecules in strong fields. Much more remains to be
plored in this fascinating and largely unexplored area
strong-field molecular physics. Finally, the nuclear degree
freedom has not been taken into account so far. Researc
these directions will be pursued in the future.
ev
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